relative importance of each. Crust-magma interaction of the island (Bohrson et al., 1996) . The bulk of the island edifice is thought to be composed of basalt, although and post-eruptive contamination are also important processes, although general recognition of the role of these pre-caldera basalt is exposed only at the base of a sea in peralkaline systems is relatively recent (e.g. Davies & cliff on the eastern side of the island. Post-caldera alkaline Cousens et al., 1993) .
basalts are largely restricted to the southeastern quadrant In this paper, petrologic, major and trace element, and of Socorro and erupted contemporaneously with postSr, Nd and Pb isotopic data are integrated to document caldera silicic peralkaline rocks. The distribution, age, a complex petrogenetic history for peralkaline trachytes and petrogenesis of post-caldera basalts are presented and rhyolites from Socorro that involves partial melting, elsewhere (Bohrson & Reid, 1995; Bohrson et al., 1996) . fractional crystallization, and crustal assimilation in a shallow ocean crustal magma reservoir. Sr isotopes provide evidence for post-eruptive fluid-rock interaction.
We summarize the data and conclusions of petrologic RESULTS studies of other silicic peralkaline volcanic suites, to Major and trace element data, petrographic analyses, evaluate current understanding of petrogenetic models. and Sr, Nd and Pb isotopic data were obtained for 51 This summary and our work on Socorro demonstrate silicic samples that are representative of pre-and synthat although a variety of petrogenetic pathways can caldera ignimbrites and post-caldera lava flows and domes lead to the generation of silicic peralkaline magmas, from the southeastern quadrant of Socorro Island (Tables characteristics that are potentially common to all silicic 1-3). Four crystalline inclusions with silicic mineral asperalkaline volcanic edifices may provide a genetic link semblages from Socorro are also included in this study. between tectonic setting and magma composition.
Characterizing magmatic compositions of ignimbrites can be problematic because they are typically mixtures of juvenile and lithic material. Most of the ignimbrites on Socorro are so densely welded that fiamme are TECTONIC SETTING AND not preserved; in the few cases where fiamme can be
GEOLOGIC HISTORY OF SOCORRO
distinguished, they are extensively altered. For this reason, bulk samples rather than individual fiamme were ana-
ISLAND
lyzed. Lithic fragments are absent or rare in densely Socorro Island is the largest of four alkaline volcanic welded flows from Socorro, thus minimizing the amount islands that make up the Revillagigedo archipelago. The of non-juvenile material, but some compositional bias archipelago is located on the northern Mathematicians may have been introduced by sedimentary fractionation Ridge (Fig. 1, inset) , which defines the location of a midof crystals and glass (Walker, 1972; Wolff, 1985) . ocean ridge spreading center that was largely abandoned at~3·5 Ma when activity shifted to the East Pacific Rise (Mammerickx et al., 1988) . The islands, as well as numerous seamounts on the Mathematicians Ridge, are Petrographic and mineral composition data post-abandonment alkaline volcanoes. Three of the Silicic peralkaline volcanic rocks from Socorro Island are islands in the archipelago (Socorro, San Benedicto, Clarion) have volumes in the upper 1-2% of Pacific seamounts variably altered blue-green to black lava flows, domes, and ignimbrites. Among post-caldera deposits, younger and islands on Pliocene age oceanic crust (Batiza, 1982) , demonstrating that magmatic volumes characterizing the domes and flows are typically vitrophyric, whereas older domes and flows are holocrystalline. Pre-and syn-caldera archipelago are fairly high.
The subaerial eruptive history of Socorro Island is ignimbrite samples are dominantly holocrystalline; partially glassy groundmass is locally preserved in only a few divided into pre-, syn-, and post-caldera phases ( Fig. 1 ; Bryan, 1976; Bohrson et al., 1996) . Silicic peralkaline samples. Phenocryst abundances range from 0 to 15% (all modal abundances reported in vol. %) with phenocrystic volcanic rocks, the subject of this study, constitute~80% of the island surface. Pre-and syn-caldera peralkaline alkali feldspar (Table 1 ) qsodic pyroxene±fayalite± Fe-Ti oxides±aenigmatite. Groundmass varies from trachytes and rhyolites erupted episodically between~540 and 370 ka, forming several ignimbrites. The eruption fresh, green-brown glass to variably altered assemblages of alkali feldspar+sodic pyroxene+aenigmatite±sodic at~370 ka was probably accompanied by formation of a small summit caldera and was followed by up to 200 amphibole. Textures are pilotaxitic, intergranular, or trachytic. ka of volcanic quiescence. Post-caldera silicic peralkaline eruptions apparently began by~180 ka and continued Two silicic crystalline inclusions (90-28X, 91-Xe) were sampled from post-caldera basaltic lava flows and two to at least 15 ka, forming lava domes and flows that dominate the northern, western, and southern quadrants inclusions were sampled from silicic ignimbrites. Sample 90-28X is~2·5 cm in length and the volcanic rocks, phenocryst and groundmass alkali feldspars have relatively restricted compositions comprises interlocking alkali feldspar (94%), sodic pyroxene (2%), and quartz (4%). Sample 91-Xe (4 cm) is (Ab 65 Or 32 -Ab 67 Or 33 ) that straddle the anorthoclasesanidine compositional boundary (Fig. 2) . Phenocrysts the freshest inclusion, with alkali feldspar (96%), sodic pyroxene (3%), fayalite (<1%) and trace apatite and are not detectably zoned and are similar in composition to groundmass crystals in the same sample. Pyroxenes Fe-Ti oxides. Sample 91-33 (6 cm) has granophyric texture, with alkali feldspar (80%) intimately intergrown are sodic hedenbergite or aegirine-augite. Sodic hedenbergite occurs most commonly as phenocrysts and with quartz (10%), sodic pyroxene (5%), fayalite (<5%) and trace Fe-Ti oxides. Sample 91-34, the largest crys-typically is not zoned. Aegirine-augite, which is found in groundmass or as microphenocrysts, is more Na rich talline inclusion (~25 cm), comprises alkali feldspar (90%), sodic pyroxene (9%), fayalite (<1%) and trace aenig-but otherwise similar in composition to sodic hedenbergite. Fayalite is restricted to the least silicic, least matite. The ferromagnesian minerals in both 91-33 and 91-34 are extensively altered.
peralkaline sample. It is unzoned, virtually pure fayalite ), and has up to 1 wt % CaO. Fe-Ti oxides, also Representative electron microprobe analyses of mineral phases in extrusive samples and crystalline inclusions present in the less differentiated samples, are ulvöspinel or ilmenite. Aenigmatite, which replaces Fe-Ti oxides in from Socorro Island are presented in Table 2 ; additional analyses have been presented by Bohrson (1993) . In more peralkaline, more differentiated rocks, is unzoned, VOLUME 38 NUMBER 9 SEPTEMBER 1997 MgO  0·12  0·13  0·31  0·23  0·15  0·03  0·24  0·00  0·16  0·04   K 2 O  4·78  4·86  4·79  4·88  5·03  4·89  5·01  4·96  5·12  5·07   Na 2 O  5·66  6·76  6·23  6·34  6·61  6·50  6·62  6·62  6·72  6·70   P 2 O 5  0·15  0·05  0·12  0·08  0·08  0·07  0·08  0·05  0·08  0·08   Total  98·79  98·34  99·25  98·68  99·06  98·76  99·56  99·44  99·93  99·77   PI  1·03  1·20  1·06  1·10  1·09  1·14  1·09  1·12  1·10  1·12 N i 4 6 2 9 4 4 4 4 b.d. 4
C r 2 9 6 9 7 1 2 8 7 1
S c 1 5 9 6 8 6 b.d. 8 6 8 13 2  5  9  9  8   Ba  986  83  530  227  383  67  381  524  438  310   Rb  31  53  42  50  57  62  57  51  56  61   S r  3 8  9  3 1  3 0  1 7  1 3  1 9  1 3  2 2  1 6   Zr  288  747  464  528  516  552  518  465  506  544   Y  129·87  81·32  73·27  93·95  72·28  70·98   N b  4 3  1 1 2  7 4  8 4  8 0  8 5  8 1  7 4  7 9  8 3   Th  6·41  4 ·35  5·52  5·35  4·77  5·26   Hf  19·55  11·08  12·47  12·97  11·23  12·10   U  1·32  1·35  1·29  1·06  1·11  1·21   Pb  6·21  4·66  4·66  4·19  4·28  4·72   Cs  0·12  0·27  0·45  0·07  0·41  0·47   La  106·8  54·4  53·3  107·0  48·3  51·0   Ce  154·9  108·1  101·1  139·1  97·4  100·1   Pr  23·2  14·1  12·0  28·3  11·8  11·8   Nd  97·3  59·4  50·4  115·3  50·5  49·4   Sm  24·1  16·4  13·1  27·8  13·3  12·8   Eu  4·62  4·40  3·16  4·44  3·90  3·23   Gd  21·9  13·9  10·8  18·3  11·1  10·8   Tb  4·24  2·91  2·07  3·52  2·16  2·11   Dy  26·5  18·2  13·3  19·8  13·3  13·1   Ho  5·30  3·61  2·74  3·56  2·70  2·59   Er  14·98  10·05  7·68  9·34  7·46  7·34   Tm  2·01  1·41  1·08  1·27  1·06  1·05   Yb  12·1  9·4  6·8  8·1  6·7  6·7   Lu  1·88  1·48  1·07  1·25  1·07  1·04   Zr/Nb  6·7  6·7  6·3  6·3  6·5  6·5  6·4  6·3  6·4  6·6 Eu/Eu * 0·62 0·89 0·81 0·60 0·98 0·84
Ce/Ce * 0·72 0·92 0·92 0·61 0·95 0·95 Ba  66  434  95  141  35  72  749  83  67  101   Rb  69  49  60  66  55  66  58  59  51  67   S r  8  1 2  1 6  1 3  1 4  1 0  2 2  1 4  1 5  1 5   Zr  691  494  747  739  656  759  867  655  552  728   Y  68·53  102·48  111·24  104·72  126·02  95·19   Nb  99  79  109  111  100  111  116  93  85  104   Th  4·93  8·00  7·54  6·46  8·33  6·53   Hf  11·37  18·09  17·98  15·85  18·45  15·91   U  1·40  1·91  1·82  1·65  1·53  1·67   Pb  4·34  7·13  5·55  6·09  7·31  5·94   Cs  0·34  0·20  0·57  0·29  0·08  0·38   La  50·3  92·3  75·7  113·3  160·1  74·9   Ce  99·7  143·0  148·12  103·0  105·8  121·3   Pr  12·0  20·7  17·7  30·9  36·4  17·9   Nd  50·9  84·1  76·8  123·6  149·6  74·7   Sm  13·1  20·4  20·2  31·8  36·4  19·4   Eu  3·68  4·32  3·99  4·82  6·85  3·53   Gd  11·6  15·7  17·0  20·1  25·8  15·2   Tb  2·27  3·21  3·28  4·25  5·47  3·23   Dy  13·7  19·7  20·5  25·3  33·4  19·8   Ho  2·74  3·93  4·16  4·72  6·17  3·93   Er  7·69  10·79  11·75  12·64  16·58  10·95   Tm  1·06  1·51  1·64  1·72  2·30  1·55   Yb  6·9  9·5  10·2  11·4  14·8  9·8   Lu  1·10  1·45  1·58  1·69  2·07  1·48   Zr/Nb  7·0  6·3  6·9  6·7  6·6  6·8  7·5  7·0  6·5  7·0 Eu/Eu * 0·92 0·74 0·66 0·58 0·68 0·63
Ce/Ce * 0·94 0·76 0·93 0·42 0·32 0·77 VOLUME 38 NUMBER 9 SEPTEMBER 1997 . a A-E, informal designations for individual ash-flow tuffs from pre-and syn-caldera phase of eruption; P, samples from the post-caldera phase. Age of sample in parentheses in ka. Data from Bohrson et al. (1996) . All oxides in wt %. An, anorthite content; Ab, albite content; Or, orthoclase content; Fa, fayalite content; ulvo, ulvö spinel; aen, aenigmatite; ilm, ilmenite. All analyses done on a four-spectrometer CAMECA CAMEBAX. Operating conditions include accelerating voltage of 15 kV and sample currents between 10 and 15 A. Natural and synthetic standards are utilized, and ZAF corrections were used to correct intensities. In general, reproducibility is better than 2% for all oxides.
and phenocryst and groundmass crystals in the same have slightly broader Fa ranges (96·6-99·4) than those in the volcanic rocks and have much lower CaO abundances sample are similar in composition.
In the crystalline inclusions, alkali feldspars have a (0·28-0·64 wt %) than those in the volcanic rocks, probably reflecting slow cooling of the inclusions (e.g. Takslightly greater compositional range within and between inclusions compared with the total compositional range in ahashi & Kushiro, 1983) . Ulvöspinel and aenigmatite compositions are generally similar to those of the extrusive the extrusive rocks (Fig. 2) . Sodic hedenbergite and aegirine-augite are similar in composition to those found rocks. in extrusive rocks but tend to be more Fe rich. Fayalites 
Major and trace element data
Extrusive samples from Socorro Island are dominantly trachytes or rhyolites; one sample straddles the boundary between benmoreite and trachyte and is hereafter referred to as benmoreite (Fig. 3a) . All samples are mildly to strongly peralkaline [peralkalinity index (PI)=1·1-2·2; Table 1 ] and have CIPW normative Qz (quartz), Ac (acmite), and with the exception of the benmoreite, Ns FeO) and some high field strength elements (HFSE), rhyolites (Macdonald, 1974) . P, pantellerite (Ε; n=21); PT, pantelleritic and depletions in Al 2 O 3 , Sr and Ba relative to silicic trachyte (Χ, n=12); C, comendite (Φ, n=4); CT, comenditic trachyte (Β, n=14). Four samples that share distinctive major and trace element metaluminous rocks, are typical of silicic peralkaline characteristics are classified as comendites, despite the presence of two rocks. For those on Socorro, as SiO 2 increases, CaO, in the comenditic trachyte field. P 2 O 5 , TiO 2 , and MnO generally decrease. FeO * (Fig. 4) shows no systematic variation in the trachytes but is consistently higher in pantellerites than in comendites at Those with Ζ6·5 wt % Na 2 O are all holocrystalline and similar SiO 2 ; this may be related to differences in f(O 2 ) are dominantly pre-or syn-caldera in age. (Mungall & Martin, 1995) . As SiO 2 increases, Al 2 O 3 (Fig. All silicic peralkaline samples have low abundances of 4) generally decreases, although comendites have higher transition metals Ni, Cr, V, and Sc (Table 1) . HFSE Al 2 O 3 than pantellerites at the same SiO 2 . K 2 O increases abundances are positively correlated (Fig. 5) . Generally, slightly, and then decreases modestly with increasing Ba and Sr decrease with differentiation, although some SiO 2 , with comendites being slightly enriched compared scatter is evident at Zr>600 p.p.m. (Fig. 5 ). Like the with pantellerites. With increasing SiO 2 , Na 2 O first in-HFSE, abundances of rare earth elements (REE) and Y creases then decreases in trachytes (Fig. 4) . For pangenerally increase with increasing Zr, but scatter is obtellerites and comendites, Na 2 O abundance is correlated served (Fig. 5 ). All samples are light rare earth element with degree of crystallization. Samples with the highest (LREE) enriched (Fig. 6) , with (La/Yb) N between 2·9 Na 2 O abundance are vitrophyres or obsidians (Fig. 4) , and 8·9, and most have negative Eu anomalies. and with two exceptions, are post-caldera in age. Samples Significantly, ten samples have negative Ce anomalies with intermediate Na 2 O are partially glassy or holocrystalline and are pre-, syn-, and post-caldera in age. and one has a positive Ce anomaly ( Sr for feldspars is similar to or slightly more radiogenic than Socorro alkalic basalts, and Sr-Nd isotope ratios are well correlated. There is no systematic variation between acid-leached, apparent initial Sr isotope ratios of the feldspars and age (Fig. 8b) . For most samples, Sr isotope disequilibrium remains between acid-leached whole-rock-alkali feldspar pairs (Table 4) .
Acid leachates from both whole-rock and alkali feldspars have similar Sr isotopic compositions (0·7085-0·7088).
87 Sr/ 86 Sr values of fluids taken from active hydrothermal vents at the summit of Socorro are~0·708 (Table 3) 
Possible origins for silicic peralkaline magmas Sr, Nd, and Pb isotope data
Petrogenetic studies of silicic peralkaline volcanic suites from a number of locations have identified three alPeralkaline trachytes and rhyolites from Socorro Island have restricted ranges of Nd (Table 3 , Fig. 7 ) and Pb ternative mechanisms of formation: fractional crystallization of transitional to mildly alkalic basalt, partial isotopes ( Table 3) that are similar to those of post-caldera alkaline basalts from Socorro Island (Bohrson & Reid, melting of mafic intrusive rock, or either of these processes Fig. 3b . (Note log scale for REE.) Arrows represent differentiation trends calculated using published mineral-melt partition coefficients (Mahood & Stimac, 1990 ) and proportions of phases from major element fractional crystallization models (see text for further explanation).
in combination with volatile complexing and transport. with fractional crystallization are sometimes compositionally bimodal (Table 5) , which might constitute Table 5 summarizes a number of investigations which represent a variety of locations as well as a range of evidence against fractional crystallization (e.g. McBirney, 1993) . However, the compositional gap may be a coninterpretations regarding the formation of silicic peralkaline magmas.
sequence of the failure of intermediate magmas to erupt, rapid differentiation over a narrow temperature range Most studies of major and trace element systematics show that peralkaline trachytes and rhyolites could be which diminishes their probability of being erupted and references therein], or magmatic biderived by fractional crystallization of transitional to mildly alkalic basalt (see Table 5 ). Alkali feldspar is the furcation (Bonnefoi et al., 1995) . A common observation is that Nd and Pb isotopes are similar between mafic dominant fractionating phase and is variably joined by ferromagnesian phases and very rarely by quartz or and silicic rocks whereas Sr isotopic values are more radiogenic in the silicic rocks, possibly reflecting conplagioclase. Plutonic nodules with silicic mineralogy sampled from eruptive products of peralkaline volcanic tamination by crust or fluid (Norry et al., 1980; Cousens et al., 1993) . centers may provide direct evidence for fractional crystallization (e.g. Weaver, 1977; this In a minority of studies, major and trace element data cannot be explained by derivation of peralkaline trachyte study). Rock suites with chemical variations consistent VOLUME 38 NUMBER 9 SEPTEMBER 1997 either partial melting or fractional crystallization (Table  5) . Enrichments of Na, K, Cl, F, HFSE, and REE in silicic peralkaline rocks beyond that attributable to fractional crystallization or partial melting may reflect interaction between volatiles and/or fluids and magma. Volatile or fluid phases, possibly halogen rich, may accompany fractional crystallization (Macdonald et al., 1970; Leat & Macdonald, 1984) or may promote partial melting of mafic crust. Quantitative treatment of element partitioning between fluids, vapors and magma is somewhat limited by lack of appropriate partitioning data, but qualitative support for the existence of alkali-rich fluids and/or vapors associated with silicic peralkaline magmas is provided by evidence for alkali metasomatism of peralkaline granitoid plutons (Taylor et al., 1981) .
Origin of silicic peralkaline magmas from Socorro Island Evidence against origin of trachytes by fractional crystallization of alkalic basalt
Detailed mapping and sampling of Socorro Island extrusive deposits indicate that intermediate composition rocks with~54 to 61 wt % SiO 2 are absent (Bryan, 1976; Bohrson et al., 1996) . The gap in SiO 2 is accompanied by gaps in K 2 O (Fig. 9 ), TiO 2 , P 2 O 5 , and Sr. Similar Nd and Pb isotope ratios for the two suites suggest that mafic and silicic rocks exposed on Socorro may be genetically related by fractional crystallization. To test this, forward major element fractional crystallization models were calculated [MacGPP, which utilizes mass balance calculations originally derived by Bryan et al. (1969) ]. and rhyolites ytes were used as potential daughter magmas; the parent (90-76, 90-10, 90-13, 90-90, 91-17) semblages, mineral compositions, and major and trace element trends, yield high residuals ( R 2 ) that varying the phase assemblage, mineral compositions, and parental via fractional crystallization of exposed basalt. Instead, magma compositions failed to improve. The high reintermediate composition magmas may have been gen-siduals arise from the fact that calculated daughter proderated by partial melting of a mafic protolith, and these ucts are consistently impoverished in K 2 O compared may have subsequently undergone fractional crys-with observed abundances. If K 2 O is excluded from the tallization to yield more differentiated trachytes and major element models, then the fractionating assemblage rhyolites (Table 5 ). The dominance of silicic volcanic remains the same, and changes in the total amount of rocks at individual edifices and ref-crystallization and amount of each crystallizing phase are erences therein; McBirney, 1993] and isotopic differences insignificant (e.g. changes in total amount of crysbetween mafic and silicic rocks (e.g. Norry et al., 1980; tallization: basalt to benmoreite 50 to 49%; basalt to Davies & Macdonald, 1987) may provide additional trachyte 48 to 52%). Residuals for the two models presupport for the role of partial melting.
sented in Table 6a and b improve from 4·0 to 1·1, and Experimental and observational data suggest that, in from 3·2 to 0·63, respectively. some cases, peralkaline trachytes and rhyolites cannot be
The improvement in the residuals with the exclusion of K 2 O might suggest that fractional crystallization is a related simply by crystal-liquid equilibria associated with viable process, provided it is accompanied by a process differentiated basalt and least differentiated trachyte have virtually identical Zr, Nb (Fig. 9) , Hf, and Th abundances; that enriches K 2 O (e.g. volatile complexing); however, some trace element variations are also difficult to reconcile the benmoreite has HFSE and Th abundances lower than those of the parental alkalic basalt. Therefore, to with an origin by fractionation. The gap in SiO 2 between the basalts and trachytes is not accompanied by gaps in be consistent with the major element models, relatively high HFSE and Th bulk partition coefficients (D Zr = abundances of several of the trace elements. The HFSE and Th provide particularly striking examples: the most 0·55-1·2, D Th~0 ·61, D Hf~0 ·57, and D Nb =0·43-1·2) are VOLUME 38 NUMBER 9 SEPTEMBER 1997 Fig. 7 . Nd-apparent initial Sr isotopic characteristics of silicic peralkaline extrusive rocks from Socorro Island (Χ); five samples were not plotted because they lack the precise 40 Ar/ 39 Ar ages used to correct for in situ decay. Shown for comparison are fields for acid-leached alkaline basalts from Socorro Island (Bohrson & Reid, 1995) required. These values greatly exceed those estimated are generated by closed-system fractional crystallization of alkalic basalt like that exposed on the island. for silicic peralkaline rocks from other locations (e.g. D Zr, D Hf~0 ·02; D Th Ζ0·01; Mahood & Stimac, 1990) and are
Origin of trachytes by partial melting of mafic crust
also inconsistent with the high solubility of these elements in silicic peralkaline magmas (Watson & Harrison, 1983 ). An alternative to fractional crystallization is partial meltIf instead, the bulk partition coefficients from Mahood ing. Mafic volcanic rocks associated with Socorro Island & Stimac (1990) are used to calculate the amount of and the Mathematicians Ridge include mid-ocean ridge crystallization permitted by the changes in incompatible tholeiites, post-abandonment tholeiitic and alkalic basalts, trace element abundances from basalt to trachyte, then and alkalic basalts from Socorro. Tholeiites have not only 25-35% crystallization is permitted, an amount been sampled on Socorro although their association with significantly lower than that calculated by major element other ocean islands such as Hawaii suggests that they models. The lack of agreement between major and trace may form part of the volcanic edifice. The intrusive element fractionation models, therefore, demonstrates equivalents of all of these basalts and their associated cumulates are potential protoliths for partial melting. that it is unlikely that trachytic magmas from Socorro Sr calculated from isotope dilution data (Table 4) for acid-leached samples. All ages from Bohrson et al. (1996) .
Intermediate composition magmas can be produced cumulates are reasonable protoliths; post-abandonment alkalic basalts±cumulates may also be suitable. To test by partial melting of basalt under water-saturated and -undersaturated conditions (e.g. Helz, 1976; Spulber & this hypothesis, modal equilibrium melting calculations were performed for a range of alkalic basalt and cumulate Rutherford, 1983; Beard & Lofgren, 1989 , 1991 . On the basis of a comparison of the compositions of Socorro compositions. Selected model results are presented in Fig. 10 . These simple model calculations illustrate that trachytes and those of experimentally produced intermediate composition melts noted above, the trachytes moderate degrees of melting (e.g. 5-10%) of a mafic alkaline protolith may potentially produce magmas with may have been produced by dehydration melting of a protolith of alkalic composition, resulting in a plagioclase-appropriate incompatible trace element (e.g. Zr, Nb) and K 2 O abundances. rich and amphibole-free restite. This, coupled with the similarity in Nd (Fig. 7) and Pb isotopic ranges between Abundances of Sr in the calculated partial melts, modeled with a bulk partition coefficient of two, do not silicic and alkalic basaltic volcanic rocks on Socorro suggests that Socorro alkalic basalts and/or their crystal match those observed in the trachytes (Fig. 10c) . If the VOLUME 38 NUMBER 9 SEPTEMBER 1997 partial melts underwent fractional crystallization where so Na 2 O is lost by volatilization (Noble, 1970) . The plagioclase and/or alkali feldspar were removed, the Sr trend of decreasing Na 2 O and Al 2 O 3 in holocrystalline content of the melt would have decreased. Such a two-peralkaline rhyolites from Socorro ( Fig. 11 ) is consistent stage model was invoked by Mahood & Halliday (1988) with this interpretation. In the major element fractional to explain Sr abundances of high-silica rhyolites from crystallization models presented below, only glassy or Sierra La Primavera. Sr bulk partition coefficients as low partially glassy samples are modeled because Na 2 O as three (Fig. 10c) can account for the Sr contents of the abundances of these rocks probably better reflect magtrachytes from Socorro. Alkali feldspar-glass Sr partition matic values. coefficients of up to 10 (Mahood & Stimac, 1990) have Forward major element fractional crystallization modbeen reported for peralkaline trachytes. Thus, moderate els yield acceptable results that indicate that vitrophyric degree of partial melting of intrusive alkalic basalt and rhyolites can be derived from trachytic parental magmas associated crystal cumulates followed by crystal frac-by fractionation of alkali feldspar+clino-tionation is the most likely mechanism by which the pyroxene+fayalite+ilmenite+apatite. Up to 80% total least differentiated trachytes sampled on Socorro were crystallization is required, and in all models, alkali feldspar produced.
is the dominant fractionating phase. A representative model is presented in Table 6c . All of the fractionating minerals are present as phenocryst phases in the silicic
Origin of rhyolites by fractional crystallization of trachytes
rocks from Socorro. The mineralogy of the silicic inSystematically lower Na 2 O abundances in crystalline clusions found on Socorro is also broadly consistent compared with glassy rhyolites from Socorro are most with the proposed fractionation assemblage. The only probably related to Na 2 O loss during post-eruptive crysexception is the presence of quartz in the cumulates, tallization. In contrast to holocrystalline samples which which may have formed by breakdown of fayalite to show decreasing Na 2 O with differentiation, glassy samples quartz+magnetite (see Weaver, 1977) . This similarity in exhibit increasing Na 2 O with differentiation (Fig. 11) , a mineral assemblages, together with compositional simtrend mirrored by glassy rhyolites from peralkaline cenilarities between phases in the volcanic rocks and in the ters world wide (e.g. Noble, 1968) . These systematic crystalline inclusions, suggests that the inclusions probably differences have been attributed to expulsion of Na 2 O at represent cumulus products of fractional crystallization. near-solidus temperatures (Noble, 1968; Bulk partition coefficients for HFSE (Zr, Nb, Hf ) and 1990); insufficient Al 2 O 3 and FeO * are present in the Th calculated using trace element abundances of parent magma to completely accommodate Na 2 O into alkali feldspar or pyroxene during post-eruptive crystallization, and daughter and the fraction of residual liquid derived with the existence of a caldera on Socorro Island (Bohrson et al., 1996) .
EVALUATION OF OPEN-SYSTEM PROCESSES
Despite the success of fractional crystallization in accounting for major element, HFSE, and Th variations in peralkaline trachytes and rhyolites, some compositional characteristics cannot be explained solely by closedsystem fractionation from trachytic parental magmas. Sr of modern seawater is labile in acid (Fig. 8, Table 4 ). Additionally, in some samples, abundances of REE (Fig. 5) and Y, and Ce anomalies (Fig. 6 ) are not consistent with fractional crystallization. These characteristics potentially reflect open-system magmatic or secondary processes. (Fig. 8a) , and the similarity between the Sr isotope composition of hydrothermal fluids sampled at the summit of Socorro and leachates from the acid-leaching experiments collectively suggest that a component of the Sr in the silicic rocks on Socorro was introduced by secondary processes. By analogy to other ocean islands, aqueous fluid-silicic rock interaction may explain Sr isotope signatures that are Fig. 9 . Comparison of selected major and trace element data for more radiogenic than those of associated basalts (e.g. silicic peralkaline and alkalic basaltic rocks from Socorro Island. Field Cousens et al., 1993) . If it is assumed that the isotopic represents data from Boina center, Afar rift, Ethiopia, where the basalt-pantellerite sequence is interpreted to derive by fractional crys-compositions of hydrothermal fluids sampled on Socorro tallization (Barberi et al., 1975). are representative of the fluids that interacted with the silicic rocks and that the Sr concentration of this fluid is like that of seawater, a water/rock ratio (W/R) of~10 from major element fractionation models are similar to is required to explain the most radiogenic 87 Sr/ 86 Sr (inset, those calculated for other peralkaline suites (Fig. 12a). Fig. 7) ; higher fluid Sr abundances would yield lower The general decrease in Sr and Ba abundances (Fig. 5) Sr and age suggests and increasingly negative Eu anomaly with differentiation that older rocks experienced a longer duration of fluid ( Sr values of acid-leached alkali only quartz at higher pressures (Bailey, 1974) . The pre-feldspars are similar to or slightly more radiogenic than valence of alkali feldspar in the fractionating assemblage those of alkalic basalts from Socorro, are correlated with and as a phenocryst phase in the silicic peralkaline Nd isotope signatures of associated whole-rocks (Fig. 7) , rocks from Socorro therefore is consistent with the silicic and show no correlation with age (Fig. 8b) . In contrast, magma reservoir residing at shallow levels, probably in acid-leached apparent initial 87 Sr/ 86 Sr values for the the upper oceanic crust or within the volcanic edifice. whole-rock are more radiogenic than those of alkalic basalts (Fig. 8a) , show no systematic correlation with This evidence for a shallow magma reservoir is consistent Bohrson & Reid, 1995) from Socorro. Trace element abundances calculated using a range of basalt mineral-melt partition coefficients (Furman et al., 1991) for phase proportions like those of basaltic crystalline inclusions sampled on Socorro (Bohrson & Reid, 1995) ; bulk partition coefficients for K 2 O are similar to those of Zr. Bulk partition coefficients used in deriving the composition of the cumulate represented by curve 1 are smaller than those for cumulate represented by curve 2. Curve 3: composition is that of the least differentiated alkali basalt 90-59 [6·8 wt % MgO, 0·73 wt % K 2 O, 454 p.p.m. Sr, 172 p.p.m. Zr, 25 p.p.m. Nb; Bohrson & Reid (1995) ] sampled on Socorro Island. Bulk partition coefficients used in partial melting calculations (reported in figure) estimated from published values (e.g. Furman et al., 1991) and are similar to those used in forming cumulates. The exception is K 2 O, for which a slightly smaller bulk partition coefficient is used for partial melting; if this is correct, it suggests that K 2 O may be slightly more incompatible during partial melting than during cumulate formation. Similar abundances of K 2 O in the modeled partial melts can be achieved for larger bulk partition coefficients if the starting material has higher abundances of K 2 O, as might be suggested by the range of cumulate K 2 O contents. Numbers in small boxes represent bulk compositions of starting materials. Numbers next to tick marks on curves are percent partial melt; some labels are omitted for clarity. Basalt and peralkaline trachyte and rhyolite fields represent compositional ranges for extrusive rocks from Socorro; cumulate field represents a range of hypothetical cumulate compositions estimated for Socorro. Gray curves in (b) illustrate fractional crystallization models using the same bulk partition coefficients as in the partial melting models; dots represent 50, 80, 90 and 95% fractional crystallization, and one on each curve is labeled for clarity (italics); gray curves in (c) illustrate possible Sr and Zr abundances for melts that have undergone fractional crystallization (D Sr =3; D Zr =0·16); filled gray circles represent increments of 20% crystal fractionation.
Sr isotope signatures
Nd isotopes, and broadly increase with age. A simple Therefore, acid-leached apparent initial 87 Sr/ 86 Sr of alkali feldspars may accurately reflect the Sr isotope charinterpretation of these observations is that acid leaching failed to fully remove the post-eruptive radiogenic Sr acteristics of the feldspars at the time of eruption. Because of incomplete leaching in the whole-rocks, some or all signature from the whole-rocks whereas it did remove most or all of the secondary Sr from the feldspars. of the difference in acid-leached apparent initial Sr VOLUME 38 NUMBER 9 SEPTEMBER 1997 majority of samples (reference group) lack Ce anomalies and have normalized REE abundances that are generally similar to normalized HFSE and Th abundances, consistent with fractional crystallization. With the exception of Eu, Sc, Ba, and Sr, normalized elemental abundances increase smoothly from trachytes to rhyolites, also consistent with rhyolites being related to trachytes by fractional crystallization. Bulk partition coefficients for the reference group, calculated using the amount of residual liquid from the major element fractionation models, are similar to those calculated for other silicic peralkaline suites (Fig. 12a) . Most of the samples with negative Ce anomalies are enriched in REE relative to abundances predicted by the fractional crystallization; this is illustrated Fig. 11 . Al 2 O 3 vs Na 2 O for silicic peralkaline rocks from Socorro in Fig. 12b (REE enriched) where normalized abundances showing fields for vitric, partially vitric, and holocrystalline lavas. The of Th and HFSE are similar to those of the reference interpretation of these differences is illustrated. Symbols same as for group whereas normalized abundances of REE are Fig. 3b. greater than those of the reference group. In addition, although calculated Th and HFSE bulk partition coisotopes between whole-rock and alkali feldspar may efficients are similar to those of the reference group, reflect disequilibria established by post-crystallization calculated REE (except Ce) bulk partition coefficients for fluid-rock interaction.
REE-enriched samples are less than zero (Fig. 12a) . Ranges of Nd and Sr isotopes in alkalic basaltic and LREE and middle REE (MREE) enrichments relative silicic magmas, where acid-leached apparent initial 87 Sr/ to the reference group are slightly greater than heavy 86 Sr of alkali feldspar is inferred to represent the Sr REE (HREE) enrichments, such that La/Yb is greater isotope composition of the silicic magma at the time for this subset than for the reference group. Three samples of eruption, are broadly similar (Fig. 7) . Such isotopic with Ce anomalies are depleted in REE relative to similarity, coupled with the interpretation that trachytic abundances predicted by the fractional crystallization, as parental magmas form by partial melting of intrusive is illustrated by the distinctly lower normalized REE alkalic basalt and/or cumulates, is consistent with the abundances compared with HFSE and Th abundances silicic isotope signatures being largely inherited from an (REE depleted; Fig. 12b ). Accordingly, calculated REE isotopically heterogeneous alkalic basalt protolith. The bulk partition coefficients are greater than one (Fig. 12a ) slightly more radiogenic Sr isotope compositions of some despite Th and HFSE coefficients being similar to those silicic alkali feldspars, compared with alkalic basalts with of the reference group. REE-depleted samples are also similar Nd isotopic compositions, may indicate that the depleted in Cs and Y compared with samples of reference basaltic protolith has undergone some hydrothermal al-group with similar Zr. Given that there are distinctions teration before being partially melted. Alternatively, it in normalized REE abundances and that bulk partition could reflect incomplete removal of post-eruptive Sr coefficients of less than zero or greater than one are during leaching of some samples. required to explain the REE abundances, it is evident that fractional crystallization of a parental trachyte from the reference group cannot explain REE abundances in samples with Ce anomalies; this and the presence of
REE abundances and negative Ce
Ce anomalies indicate that open-system processes are anomalies required. A differentiation trend for Nb vs Zr calculated using Negative Ce anomalies and enrichments of REE in results of the major element fractional crystallization excess of those predicted by fractional crystallization models accurately predicts relative abundances of these found in Socorro Island alkalic basalts are attributed to elements for the silicic rocks from Socorro Island (Fig. the effect(s) of crustal contamination; specifically, as-5). REE do not exhibit the same simple covariations. For similation of Fe-oxyhydroxides was demonstrated (Bohrexample, La and Nd vary by up to a factor of~5 among son & Reid, 1995) . Silicic samples with negative Ce samples with similar Zr concentration (Fig. 5) . Non-anomalies and relative REE enrichments are potentially systematic REE variations are also illustrated by trace explained in the same way. Fe-oxyhydroxides, which element patterns produced by normalization to one of are a component of metalliferous sediments found on the least differentiated trachytes (Fig. 12b) . Three groups intraplate and mid-ocean rift volcanoes (Calvert, 1978; Hekinian et al., 1982) , have compositional characteristics of samples are evident (also see Figs 5 and 6). The (a) Bulk partition coefficients that would be required for Socorro peralkaline rhyolites to be derived from trachytes by fractional crystallization. Coefficients were calculated using elemental abundances of parent trachyte (90-91) and daughter rhyolites (n=12), and amount of residual liquid from major element fractionation models. Residuals for these models were acceptable ( R 2 =0·1-0·3), and the fractionating assemblage was similar to that reported in Table 6c . For comparison, calculated partition coefficients for a suite of silicic peralkaline volcanic rocks from Mururoa Atoll, French Polynesia [Χ, Caroff et al. (1993) that might yield variable REE abundances as well as effect on the abundances of these elements in contaminated rocks, consistent with the observation that the negative Ce anomalies. These deposits have REE of tens to hundreds of p.p.m., with LREE and HFSE and Th variations are attributable to fractional crystallization. If the anomalous REE characteristics of MREE>HREE, and negative Ce anomalies (Fleet, 1982; Alt, 1988; Barrett & Jarvis, 1988; Varenstov et al., 1991;  this subset of silicic rocks are due to assimilation of metalliferous sediments, then contamination of the Binns et al., 1993) . The low abundances of HFSE and Th in Fe-oxyhydroxides (e.g. ZrΖ1-70 p.p.m., Nb<10-50 magmas must have occurred at shallow levels where these types of deposits are found. p.p.m., ThΖ1·0 p.p.m.) would have no demonstrable VOLUME 38 NUMBER 9 SEPTEMBER 1997 Other possible explanations for the negative Ce anomalies and REE enrichments include derivation from compositionally distinct parental trachyte(s) and posteruptive processes. If basalts with negative Ce anomalies and REE enrichments identified on Socorro are available as protoliths for partial melting, then they may produce parental trachytes with REE characteristics appropriate to form this subset of silicic rocks. Alternatively, one or more post-eruptive processes may have altered the REE concentrations. REE gains (and losses) of up to~50% in silicic peralkaline lavas from the Kenya Rift have been ascribed to element mobility at near-solidus temperatures (Baker & Henage, 1977) , although changes in relative eruptive contaminant that, like seawater, may be characterized by a negative Ce anomaly. Hydrothermal fluid-rock interaction, like that proposed to explain the elemental redistribution did occur. Each of the REElabile Sr signature, may have therefore imparted these depleted samples is holocrystalline, consistent with pos-REE characteristics. Negative Ce anomalies and REE sible losses during crystallization. Post-eruptive fluid-rock enrichments in basalts from several Hawaiian Islands interaction also occurred and may explain depletions of (e.g. Clague, 1987; Fodor et al., 1987 Fodor et al., , 1992 Roden et Cs in this group. al., 1994) and the Tertiary Newer Volcanic Province, Australia (Price et al., 1991) have been attributed to the process of soil formation; meteoric fluids redistribute PROPOSED PETROGENETIC REE and also generate negative Ce anomalies (Fodor et HISTORY FOR SILICIC al., 1987, 1992) . Enrichments of REE and negative Ce anomalies in basalts from French Polynesia have been PERALKALINE MAGMAS FROM attributed to post-eruptive meteoric fluid-rock interaction SOCORRO (Cotten et al., 1995) . However, unless the fluids on Socorro Major and trace element and isotopic data collectively are unusually enriched, typical REE concentrations in reveal a complex petrogenetic history for peralkaline hydrothermal fluids (nano-picograms/gram; Klin-trachytes and rhyolites from Socorro. Our preferred khammer et al., 1983; Michard, 1989) require extremely interpretation of this history accounts for the observed high W/R values (up to~10 7 ) to account for REE geochemical trends and is as follows. Partial melting of enrichments above those predicted by fractionation; such intrusive mafic material generates intermediate com-W/R values are much greater than those estimated on position magmas which then undergo fractional crysthe basis of Sr and Nd isotopes. In addition, the relatively tallization. This two-stage process produces the least systematic relationship between Ce/Ce * and Nd/Zr differentiated trachytes sampled on Socorro. The pro-(which tracks enrichment of Nd in excess of that predicted tolith is probably a combination of intrusive lithologies by fractional crystallization) (Fig. 13) might not necessarily similar in composition to Socorro Island alkalic basalt be expected for elemental redistribution in the secondary and associated crystal cumulates. The range of Nd, Pb environment.
and inferred Sr isotopic signatures in silicic magmas is Relative depletions of REE, Y and Cs in silicic per-probably inherited from the basaltic protoliths. Formation alkaline volcanic rocks have been attributed to expulsion of silicic magmas by partial melting suggests that underat near-solidus temperatures (Baker & Henage, 1977 ; plating of basaltic magma may have been occurring; Weaver et al., 1990) . Cs is also apparently mobile during concurrent eruption of silicic and basaltic magmas in the secondary hydration (Weaver et al., 1990) . Similar de-post-caldera phase is consistent with this suggestion. More pletions in three silicic samples from Socorro probably differentiated trachytes and rhyolites derive by fractional resulted from one or both of these processes. Variations crystallization of parental trachyte, and the fractionating in Na 2 O between holocrystalline and glassy peralkaline assemblage is dominated by alkali feldspar. In a shallow rhyolites from Socorro have been attributed to processes crustal level magma reservoir, assimilation of small amounts of Fe-oxyhydroxides (hydrothermal sediments) occurring at near-solidus temperatures, indicating that occurred sporadically, potentially accounting for REE 1984). Crystalline inclusions and lithic fragments in silicic peralkaline pyroclastic deposits are typically cognate, enrichments and negative Ce anomalies. During cooling whereas mid to deep crustal lithologies are absent (Maof some of the deposits, Na 2 O and perhaps REE were hood, 1984; . Phase equilibria exexpelled from crystallizing magmas at near-solidus temperiments (at appropriate water and halogen contents) peratures; magmas that quenched to form glassy deposits suggest that alkali feldspar is the liquidus phase to~1 did not experience these losses. Post-eruptive interaction kbar whereas quartz joins the liquidus at higher pressures between aqueous fluid and rock modified the Sr isotope (Bailey et al., 1974) ; many silicic peralkaline rocks have characteristics of the whole-rocks and to a lesser extent only alkali feldspar phenocrysts. Finally, a shallow chamalkali feldspars and, in a small number of samples, may ber is implied by experiments which demonstrate that have redistributed elements such as Cs.
differentiation of mildly alkalic basalt at 1 kbar produces The process of assimilation apparently did not affect silica-saturated (pantelleritic) magmas whereas at modall magmas equally because, for example, samples from erate pressures, silica-undersaturated (phonolitic) a single ignimbrite are variably contaminated to unmagmas are produced (Mahood & Baker, 1986) . contaminated. Although such observations may argue (3) In locations where basalts are exposed, the silicic for an origin by post-eruptive fluid-rock interaction, these peralkaline volcanic rocks are almost always associated variations may instead suggest that different parts of the with transitional to mildly alkalic basalts (Table 5) , magma reservoir may have been exposed to wallrock strongly suggesting that the basalts may be parental. assemblages that contained variable amounts of Fe-oxyIf further investigation confirms that these three feahydroxides. These observations are consistent with the tures are always characteristics of peralkaline edifices, irregular distribution and chemistry of hydrothermal then they constitute tectono-magmatic controls on fordeposits observed in ocean crustal environments (Bohlke mation of silicic peralkaline magmas. Moderate rates of et al., 1980) . The process of contamination was apparently extension may potentially be linked to maintenance of a more effective in the pre-and syn-caldera magma resshallow-level magma chamber; where this occurs and ervoir than in the post-caldera one, suggesting that, with parental alkalic basalt is available, silicic peralkaline time, the chamber became insulated from ocean crustal magmas may form. contaminants.
SUMMARY AND CONCLUSIONS REQUIREMENTS FOR THE
Silicic peralkaline lavas, domes, and ignimbrites on So-
DEVELOPMENT OF SILICIC
corro Island are dominantly porphyritic, with alkali feld-
PERALKALINE MAGMAS
spar>sodic pyroxene±Fe-Ti oxides±aenigmatite± Three features shared by nearly all well-studied per-fayalite. Major elements and HFSE trends for the peralkaline volcanic centers suggest that specific conditions alkaline trachytes and rhyolites are systematic; REE may control the generation of silicic peralkaline magmas: trends are less so, and a subset of the samples have Ce (1) Silicic peralkaline volcanoes are typically situated anomalies. Compositional trends between alkalic basalts in tectonic settings characterized by moderate rates of and peralkaline trachytes have gaps in K 2 O and SiO 2 , extension (Mahood, 1984) . Examples include centers whereas HFSE and Th abundances are nearly identical. associated with continental rifts (Pantelleria; East Africa), Nd and Pb isotopic ratios of the silicic rocks are similar to local extensional regimes in convergent margins (D'Entre-those of post-caldera alkalic basalts exposed on Socorro, casteaux Island, Papau New Guinea; Mayor Island, New whereas Sr isotopes are more radiogenic than those Zealand), and active or recently abandoned mid-ocean of the alkalic basalts and trend toward the 87 Sr/ 86 Sr ridge segments (Socorro Island; Azores). In regions of composition of both modern seawater and hydrothermal higher-magnitude extension, greater basaltic intrusion fluids exposed on the island. Acid-leaching of both wholerates may preclude formation of significant quantities of rocks and alkali feldspars decreased the Sr isotopic ratio. evolved magma (see McCurry, 1988 Sr values of alkali (2) Magma chambers associated with silicic peralkaline feldspar are well correlated with whole-rock Nd isotopic volcanoes tend to reside at shallow levels, possibly in the ratios, and Sr-Nd ranges for silicic and alkali basaltic basement or within the volcanic edifice itself, on the basis rocks largely overlap. Collectively, these characteristics of the following observations. Many peralkaline volcanoes are interpreted to show the following: have calderas that are typically small, <10 km in diameter.
(1) Peralkaline intermediate composition magmas probBecause eruptions associated with these calderas tend to ably derive by partial melting rather than fractional be small volume, the chamber must reside at relatively crystallization of alkalic basalt. The protolith may consist of intrusive alkalic basalt (similar in composition to alkalic shallow levels to cause caldera collapse (e.g. Mahood, whole-rock 87 Sr/
